Comparison and Selection of Amine-based Absorbents in Membrane Vacuum Regeneration Process for CO2 Capture with Low Energy Cost  by Wang, Zhen et al.
 Energy Procedia  37 ( 2013 )  1085 – 1092 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.05.205 
GHGT-11 
Comparison and selection of amine-based absorbents in 
membrane vacuum regeneration process for CO2 capture with 
low energy cost 
Zhen Wanga, Mengxiang Fanga,*, Yili Pana, Shuiping Yanb, Zhongyang Luoa 
a State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, PR China 
bCollege of Engineering, Huazhong Agricultural University, Wuhan 430070, PR China 
Abstract 
Membrane vacuum regeneration (MVR) technology is a novel method to regenerate CO2 rich solvent at low 
temperature (around 348K) for CO2 chemical absorption process. In this study, MVR behaviors for 15 different 
amine-based absorbents were investigated to discuss the relationships between absorbent chemical structures and 
vacuum regeneration behavior by screening experiments. The results show that more hydroxyl group, shorter carbon 
chain length bonded at the active nitrogen atom and the existence of methyl group could elevate the CO2 stripping 
rate; for polyamines, average CO2 stripping rate increases with amine group number from 2 to 4 but then falls as 
amine group number further increases to 5; hydroxyl group substitution on carbon atom could improve the MVR 
performance and substitution on -carbon has more significant effect than substitution on -carbon. Furthermore, by 
the overall comparison of all amine-based absorbents studied, triethylenetetramine (TETA), 2-amino-2-
hydroxymethyl-1,3-propanediol (THAM), 2-amino-2-methyl-1-propanol (AMP), 2-amino-2-ethyl-1,3-propanediol 
(AEPD) and tetraethylenepentamine (TEPA) are the recommendations to decrease regeneration energy consumption 
significantly in MVR technology. 
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1. Introduction 
Power generation from fossil fuel-fired power plants is considered to be the single largest source of 
CO2 emissions [1], which has great impact on global climate change. CO2 capture by chemical absorption 
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is one of the most promising option for CO2 removal from these power plants, due to its successful 
commercial applications, flexibility to low CO2 partial pressure gas steams and no radical changes on 
existing plants [2]. Nevertheless, primary challenge for chemical absorption process is the high cost of 
absorbent regeneration in the stripper, which accounts for more than half of capture cost currently. Thus, 
development of novel stripping technology with lower cost has been proposed in recent years.  
Membrane vacuum regeneration (MVR) technology is supposed to be an alternative since it has the 
potential to substantially reduce the absorbent regeneration cost by introducing low-temperature 
regeneration concept (e.g. 343K). Because moderate regeneration temperature means low-grade heat or 
steam even waste heat can be used for solvent regeneration instead of using high-grade steam, which has 
better capability to reduce energy consumption. But so far, most membrane vacuum regeneration or 
membrane stripping studies [3-6] focused on single absorbent, a range of absorbents were not investigated 
yet. Different absorbents have diverse CO2 vapor-liquid equilibrium (VLE) characteristics and reaction 
activities, thus it is crucial to determine suitable CO2 absorbents for MVR by investigating their 
regeneration behaviors. Singh et al [7-9] also investigated the structure and regeneration activity 
relationships of various amine based CO2 absorbents, but it only focused on CO2 absorption and thermal 
regeneration which is different from MVR. 
In this work, MVR behaviors for 15 different amine-based absorbents are investigated at 348 K and 20 
kPa to discuss the relationships between absorbent structures and vacuum regeneration behaviors by 
screening experiments. For better comparison, solvents were all performed at the concentration of 30 wt% 
except AEPD which has limited solubility in water at high CO2 loading condition, and then reacted with 
pure CO2 stream for 2 hours in a bubbling reactor to prepare the desired CO2-rich solvents.  
2. Experimental 
2.1. Materials 
15 different amine-based absorbents which include 2-amino-2-methyl-1-propanol (AMP), 2-amino-1-
butanol (2-AB), diethanolamine (DEA), 2-amino-2-ethyl-1,3-propanediol (AEPD), diethylenetriamine 
(DETA), tetraethylenepentamine (TEPA), hexamethylenediamine (HDA), monoethanolamine(MEA), 
1,2-propanediamine (PDA), 3-amino-1-propanol (3-AP), 1-amino-2-propanol (1-AP), 
diisopropanolamine (DIPA), ethylenediamine (EDA), 2-amino-2-hydroxymethyl-1,3-propanediol 
(THAM) and triethylenetetramine (TETA), are selected to prepare the CO2-rich solvents.  
 
Fig. 1. Chemical structures of 15 amine-based absorbents 
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Fig. 1 shows the chemical structure of each absorbent mentioned above. Absorbent was dissolved into 
the deionized water to form the solvent with desired concentration of 30 wt.%, and then saturated with 
pure CO2 for constant time (2 hours) in a bubbling reactor to at temperature of 303 K and atmospheric 
pressure. The CO2-loading of solvent was measured by standard titration method which can be found in 
our previous work [10]. Hydrophobic microporous polypropylene (PP) hollowfiber membrane module 
was supplied and fabricated by the Department of Polymer Science, Zhejiang University. The 
specifications of hollow fiber membrane and contactor are listed in Table 1.  
Table 1. Specifications of hollow fiber membrane and contactor 
Contactor Parameters Value Membrane Parameters Value 
Membrane contactor I.D.(mm) 35 Fiber I.D. (m) 320 
Fiber length (mm) 320 Fiber O.D. (m) 420 
NO. of fibers 1000 Pore size (m) 0.2 0.02 
Contact area (m2) 0.352 Fiber porosity (%) 45 
2.2. Experimental procedure and data analysis 
The schematic diagram of the experimental setup is demonstrated in Fig. 2. In a typical experiment the 
rich solvent was pumped into the tube side of membrane contactor with constant flow rate of 5 ml/min 
after heating to 348 K. Shell side of membrane contactor was operated at a reduced pressure of 20 kPa.  
 
Fig. 2. Schematic diagram of the experimental setup 
In addition, to further strengthen regeneration process, low temperature steam generated from Steam 
Generator was introduced to sweep the shell side of HFMC to provide higher mass transfer driving force 
for CO2 desorption by reducing the CO2 partial pressure in gas phase. However, this improvement is at 
the expense of additional steam which will lead to extra heat for regeneration, so operating modes without 
sweeping steam were also carried out in our experiments for seeking the balance between energy cost and 
performance improvement. Afterwards, the CO2 stream desorbed was condensed and enriched by the 
vacuum pump. The lean solvent was sampled to measure its CO2 loading value for the assessment of 
regeneration behavior. 
The average CO2 stripping rate in MVR process can be determined by following equation, which is 
selected to evaluate the performance of MVR for different absorbents in this study, 
2R ( ) / ( )CO R L S t                                                                                                  (1) 
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in which L and R denote CO2 loading value of lean and rich solution in mol of CO2 per mol of absorbent 
respectively. t is residence time of solution in membrane contactor, min; S is the membrane contact area, 
m2. 
3. Results and discussion 
3.1.  Influence of hydroxyl group number 
AMP, AEPD and THAM were selected to study the effect of hydroxyl group number in steric hindered 
amines, as shown in Fig. 3. It s apparent that more OH groups could improve the CO2 average stripping 
rate. A case in point is that as number of hydroxyl increased from 1 (AMP) to 3 (THAM), the average 
stripping rate raised from 0.132 to 0.203 mol CO2/(molamine·min·m2) with sweeping steam. It indicated 
that more hydroxyl groups provided stronger steric hindrance which could improve the regeneration 
performance in MVR process. The reason is the different basicities of these amines. THAM has the lower 
pKa of 8.10 than pKa 8.80 of AEPD and 9.69 of AMP, therefore carbamate of THAM presents weaker 
stability than that of AMP and AEPD, and is much easier to regenerate. In terms of chemical structural 
analysis, more hydroxyl group substitutions at  carbon to amine group create stronger steric hindrance 
effect at the reaction site, which enable carbamate to hydrolyze to form bicarbonate more easily. Similar 
influence of hydroxyl group number was observed except slight decreasing of stripping rate while MVR 
process without sweeping steam.  
 
Fig. 3. Effects of hydroxyl group number in steric hindered amines 
3.2. Influence of amine group number       
The effect of number of amine group was also studied for polyamines (EDA, DETA, TETA and TEPA) 
in Fig. 4. It was found that average stripping rate increased dramatically with number of amine groups 
from 2 to 4. For example, EDA with 2 amine groups only provided the average stripping rate of 0.050 
mol CO2/(mol amine·min·m2), but stripping rates for DETA and TETA increased sharply to 0.167 and 
0.251 mol CO2/(mol amine·min·m2) which are possessed of 3 and 4 amine groups in their structures 
respectively. However, as amine group numbers further increase to 5 (TEPA), the average stripping rate 
presented an opposite trend by decreasing to 0.164 mol CO2/(mol amine·min·m2). This might be caused 
by the high viscosity of TEPA. In addition, a higher number of amine groups could create more reaction  
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sites available for the reaction with CO2, so TETA with 4 amine groups is recommended as the optimal 
chemical structure for MVR. 
  
Fig. 4. Effects of number of amine groups in polyamines 
3.3. Influence of carbon chain length 
In Fig. 5, the effects of carbon chain length in diamines (EDA and HDA) and in alkanolamines (MEA 
and 3-AP) were both investigated by comparing their regeneration performance independently. For 
diamines, while carbon chain length varied from 2 (EDA) to 6 (HDA), the stripping rate decreased from 
0.050 to 0.027 molCO2/(mol amine·min·m2) in the case of MVR with sweeping steam, and from 0.035 to 
0.017 molCO2/(mol amine·min·m2) in the case of no sweeping steam, respectively. Alkanolamines also 
exhibits the similar decrease trend. Therefore the overall experimental results showed longer carbon chain 
could lower the average stripping rate not only for diamines but alkanolamines. 
 
Fig. 5. Effects of carbon chain length in diamines and alkanolamines 
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3.4. Influence of existence of methyl group 
Fig. 6 shows the influence of existence of methyl group on average stripping rate of MVR. In this 
experiment, the comparisons of diamines (EDA, PDA) and alkanolamines (DEA, DIPA) were 
investigated respectively. PDA has one more methyl group than EDA in terms of chemical structure, the 
results shows that in the case of sweeping steam involved CO2 average stripping rate for PDA is 0.080 
mol CO2/(mol amine·min·m2) higher than that of EDA, and stripping rate for DIPA which has two 
additional methyl groups increases to 0.141 mol CO2/(mol amine·min·m2) compared to 0.122 mol 
CO2/(mol amine·min·m2) of DEA. They indicate that the existence of methyl group might increase the 
steric hindrance effect of absorbent that result in the weaker stability of their carbamate, so these 
additional methyl group have the promotion of average CO2 stripping rate in MVR. 
 
Fig. 6. Effects of existence of methyl group in diamines and alkanolamines 
3.5. Influence of hydroxyl group position 
The influence of hydroxyl group position was investigated by comparing the average CO2 stripping 
rate of three different alkanolamines (3-AP, 2-AB and 1-AP) as shown in Fig. 7. The result shows that  
substitution of hydroxyl group on the -carbon (2-AB) to amine group result in a higher stripping rate of 
0.111 mol CO2/(mol amine·min·m2) compared with hydroxyl group substitut -carbon (1-AP) in 
the case of steam sweeping in MVR process. And both absorbents with hydroxyl group substitution on 
carbon (1-AP and 2-AB) present greater average CO2 stripping rate than 3-AP absorbent. This might be 
caused by the effect of steric hindrance at amine group that attributes to the substitution of hydroxyl 
group. And the substitution of hydroxyl group on -carbon creates stronger effect than on -carbon due to 
the closer distance with amine group. Therefore, it indicates hydroxyl group substitution on carbon will 
elevate the MVR performance, and substitution on -carbon will has more significant effect to improve 
MVR performance than on -carbon. 
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Fig. 7. Effects of hydroxyl group position for alkanolamines 
3.6. Overview on MVR performance of different absorbents  
Fig. 8 shows the overall comparison of all absorbents in terms of average CO2 stripping rate in 
membrane vacuum regeneration process. In the case of MVR with sweeping steam, it is clearly that 
TETA exhibits the highest average CO2 stripping rate of 0.251 mol CO2/(mol amine·min·m2) among all 
the absorbents studied, THAM has the second highest average CO2stripping rate of 0.203 mol CO2/(mol 
amine·min·m2). MEA absorbent only has the average CO2 stripping rate of 0.056 mol CO2/(mol 
amine·min·m2), which is quite lower than TEPA and THAM, so MEA is not very applicable for MVR 
technology. However, in the case of MVR without sweeping steam, THAM presents a little better average 
CO2 stripping rate than TETA. This indicates sweeping steam has more positive influence on CO2 
stripping rate for TETA than THAM abs CO2 orbent. Besides THAM, other amines such as AMP, AEPD, 
TEPA also present relatively good average stripping rate in the case of no sweeping steam. These 
absorbents has potential to decrease regeneration energy consumption significantly due to no energy cost 
for sweeping steam, therefore, they are very recommended to be further comprehensive studied on their 
MVR characteristics.  
 
Fig. 8. Overall comparison of average CO2 stripping rate for all amines studied 
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4. Conclusion  
For the purpose of seeking potential absorbents for membrane vacuum regeneration with low energy 
cost, MVR behaviors for 15 different amine-based absorbents were investigated at 348 K and 20 kPa to 
discuss the relationships between absorbent structures and vacuum regeneration behavior by screening 
experiments. The effects of number of hydroxyl group, carbon chain length, number of amine groups, 
existence of methyl group and hydroxyl group position were studied. The results show that methyl group 
or more hydroxyl groups have the promotion influence on average CO2 stripping rate in MVR. Longer 
carbon chain could lower the average stripping rate not only for diamines but alkanolamines. Average 
stripping rate increases dramatically with number of amine groups increases from 2 to 4 but decreases as 
amine group number is 5. Hydroxyl group substitution on carbon will also improve the MVR 
performance of amine absorbents, and substitution on -carbon has more significant effect on improving 
MVR performance than on -carbon. Furthermore, by the overall comparison of all amine-based 
absorbents studied, TETA, THAM, AMP, AEPD and TEPA are the recommendations to decrease 
regeneration energy consumption significantly in MVR technology. 
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